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Executive Summary  
The principal aim of this project is to evaluate if hardness is a reliable indicator to measure wear 
performance for particle reinforced composite alloys. This was based on previous research conducted by 
Kagawa, Kawashima, and Ohta (1992), where it was stated that hardness is not a reliable indicator to 
measure wear performance. The analysis is made by correlating microstructural information with 
hardness and wear test result.  
 
The Fe-alloy sample’s microstructures have been evaluated using light and electron microscopy to obtain 
a full understanding of the microstructural development with the change in simple composition and heat 
treatment. The CVF increases as the Cr and C concentrations increase. The CVF was confirmed using 
ImageJ. After heat treatment eutectic matrix around the primary dendrites is converted to a dual austenite 
and martensite phase.  
 
Hardness test were done for the as-cast and heat treated samples. Both the as-cast sand heat treated sample 
show a typically linear trend with increase in CVF, even though the hardness for heat treated samples 
were larger. As such, the dependence of hardness on CVF exist. The behaviour of hardness is linear to 
the change of CVF regardless of additional hardness provided by the heat treated samples. The wear 
resistant also increases linearly with the increase of CVF.  
 
From the results, it is shown that hardness is considered to be a good indicator of wear performance 
particularly within the range of 17-42% CVF. Therefore, this does not necessarily disprove Kagawa’s 
statement but rather opening up a new understanding with regards to the relationship between hardness 
and wear performance of particle reinforced composite alloys.  
.  
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1. Introduction 
 
Hardness is viewed by many engineers to be the primary indicator of wear performance. However, as 
presented from research conducted by Kagawa et al. (1992), hardness is presented to be an inadequate 
indicator to measure wear resistant. Therefore, this research project will focus on evaluating the 
possibility of hardness to be a reliable indicator of wear resistance of particle reinforced composite alloys.  
1.1 Aims 
 
The primary aim of this project is as follows: 
1. To evaluate where hardness is a reliable indicator of measuring wear resistant of particle 
reinforced composite alloys.  
 
The secondary aims of the project are: 
1. To understand microstructural development through microscopy; 
2. To calculate the actual carbon volume fraction of each sample through image segmentation; 
3. To measure, compare, and contrast hardness values from as-cast to heat treated samples through 
provided hardness testing; 
4. To measure, compare, and contrast wear performance of heat treated samples through rubber 
wheel abrasion test; 
5. To investigate the relationship between hardness (bulk hardness of composite) and wear 
performance of particle-reinforced composite alloy; 
 
1.2 Scope  
The main purpose of this project is to evaluate the possibility of hardness to be a reliable indicator of 
wear resistant for particle reinforced composite alloys. This was performed under the supervision and 
guidance of Dr. Ruth Knibbe with the help of Hamid Pourasiabi Lighvan from UQMP laboratories. 
Completion of literature review provided insight into the mechanisms behind the behaviour of the 
microstructure.  
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Several sets of particle reinforced composite were tested. The composite had a variation in carbide 
volume fraction (CVF) while the metal matrix composition remained nominally constant. The CVF was 
altered by changing the carbon and chromium concentration. The compositions selected are hypoeutectic, 
eutectic, and hypereutectic to observe the transition happening in the microstructure within them. Heat 
treated samples were also investigated as this is closer to the real alloy that would be used in the field.  
 
The samples microstructures were observed using a light microscope and electron microscope equipped 
with energy dispersive spectrometer. Segmentation was performed on an electron micrograph. The CVF 
was estimated using Maratray’s formula and compared with image segmentation results. The Vickers 
hardness values of as-cast and heat treated alloys obtained from Vickers hardness testing.  
 
The abrasive wear resistance of as-cast samples was investigated using dry sand rubber wheel abrasion 
test (DS-RWAT). This method is performed to simulate low-stress abrasion which correlates to a variety 
of wear applications in industry. Other methods of wear testing were also considered to provide a wider 
variation on wear modes. However, confirmation of the wear enhancement for only one wear modes was 
sufficient in proving the main purpose of the project. 
 
Other mechanical properties such as ductility, fracture toughness, or any other factors that might be 
affected by the microstructure  
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2. Literature Review  
2.1 Iron-Carbon Phase Diagram  
An equilibrium phase diagram is the foundation of material design and used to optimise the composition 
and processing to gain the desired microstructure (Laird, Gundlach, & Rohrig, 2000). Figure 1 shows the 
equilibrium iron-carbon phase diagram with the carbon concentration up to 6.67% shown. The steel 
region is considered up to an alloying concentration of 2% and the cast iron from 2-6.67%. This project 
is mainly focused on cast iron region.  
 
The eutectic composition and temperature for cast iron are 4.3% carbon and 1130⁰C respectively. The 
eutectic reaction occurs when a liquid transforms into two phases in a tight temperature range (Callister 
& Rethwisch, 2014). If the melt is at exactly eutectic composition the microstructure at 1000⁰C will be 
characterised by a ledeburite structure. However, it is more likely that the cast composition will be 
hypoeutectic or hypoeutectic – the carbon content is below or above the eutectic composition respectively 
(Callister & Rethwisch, 2014). If a hypoeutectic composition is taken the first phase to precipitate from 
the molten alloy will be austenite (Callister & Rethwisch, 2014). The austenite phase will continue to 
grow until the eutectic temperature is reached at which point ledeburite (austenite and cementite) 
precipitates (Laird et al., 2000). Conversely, if a hypereutectic alloy is taken, during equilibrium cooling 
the first phase to precipitate from the molten alloy will be cementite and ends with solidifying eutectic 
(Laird et al., 2000).  
 
A system is at equilibrium if the material phase does not change at constant pressure nor temperature. 
However, many phases are considered metastable (Laird et al., 2000). That is, if they are held for a 
sufficiently long time they will change to a different phase, however, due to slow kinetics, this is unlikely 
to occur during the lifetime of component (Callister & Rethwisch, 2014). Some of these metastable 
phases can be obtained by dynamic cooling e.g. by quenching. Specifically, for white cast irons, this is 
of importance to carbide and martensite formation.  
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Figure 1.Iron-Carbon Phase Diagram 
2.2 White Cast Iron  
Since its accidental rediscovery in the early 19th century, white cast iron has been used due to its high 
abrasion resistance (Laird et al., 2000). It is widely practiced in the mining and cement industry (Berns, 
2003). White cast iron structure is hard, brittle, and has high wear resistance due to the high volume 
fraction of iron carbide (Kalpakjian, 1984). The properties of white cast iron can be attuned by changing 
the alloy content and specific heat treatment.  
2.2.1 Microstructure of White Cast Iron  
White cast irons are complex alloys consisting mostly of two constituents, carbide and metal matrix. In 
majority M3C and M7C3 carbides are the primary interest as in this project, the CVF revolves between 
17-42% from Mataray’s method of prediction.  
2.2.2 Matrix Morphology 
Austenite is the first phase that forms during cooling stage of the solidification process (Laird et al., 
2000). It has a face-centred cubic crystal structure and hardness value in the range of 250-600 HV 
depending on its alloying concentration (Laird et al., 2000). It defers from low-alloy austenite which 
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relatively soft (250-350 HV) and high-alloy austenite (300-600 HV) (Laird et al., 2000). Specifically for 
retained austenite’s microstructure - austenite that doesn’t convert to martensite during quenching, also 
a preferable type of austenite as it prohibits fatigue crack propagation and consequently improves wear 
and impact resistance (Jian-Min, Yi-Zhong, Tian-Yi, & Hai-Jin, 1990).  
 
Martensite is structurally a body-centred tetragonal crystal structure and is formed during rapid cooling 
(or quenching) process to a relatively low temperature (near ambient conditions) known as martensite 
start temperature (Ms) (Laird et al., 2000). It can be formed through austenite by lowering its temperature 
and controlled processed using martensitic end temperature (Mf) to achieve full transformation (Laird et 
al., 2000). Particularly in white cast iron applications, the most important property of martensite is its 
hardness as it can reach an extremely high hardness ranging from 300-900 HV (Laird et al., 2000).  
 
Pearlite is a dual-phase iron microstructure made of ferrite and cementite (Callister & Rethwisch, 2014). 
Mechanically, pearlite has properties intermediate between the soft, ductile ferrite and the hard, brittle 
cementite (Laird et al., 2000). Pearlite can be formed either during standard equilibrium solidification or 
by supercooling austenite below its eutectic temperature (Laird et al., 2000). In the equilibrium phase 
diagram, pearlite forms when ferrite is cooled below the eutectoid (Callister & Rethwisch, 2014).  
2.2.3 Carbide Morphology  
It is known that the morphology of the carbides within the white cast iron is reliant on the content of Cr. 
M3C carbides formed when the ratio Cr:C is low, whether M7C3 is formed in a moderate value of Cr. 
This chapter is only focusing on both M3C (Cementite) and M7C3 carbide as both them are fundamental 
aspects of the research and had been reviewed in majority research documentary.  
 
Cementite is a hard-metastable phase with a complex-orthorhombic crystal structure. It is formed by 
encouraging Cr additions during the process of solidification (Laird et al., 2000).M3C typically has a thin 
plate-like structure and can appear solid or riddled with holes (Laird et al., 2000). Comparing to other 
types carbides, M3C is considered to be the softest with a hardness range of 800-1000 HV (Laird et al., 
2000). In pearlitic irons, M3C carbide can be decomposed to graphite from undesirable low heat treatment 
temperature as graphite is relatively soft and its decomposition is associated with hole/ void formation 
(Laird et al., 2000).  
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2.2.4 Carbide Volume Fraction (CVF)  
It is known from Sapate and Rama Rao (2004) that abrasion resistance of white cast iron is higher than 
low carbon steels, this is because of the presence of the high volume fraction of the M7C3 carbides. 
Therefore, clearly, the presence of carbides within the white cast iron are fundamental to its wear 
properties.  
 
CVF is a major factor in determining the abrasion resistance of white cast iron. One may assume by 
increasing the CVF will result in a raise of the performance of white cast iron under wear abrasion 
conditions.  
 
Maratray and Usseglio-Nanot (1971) provide an empirical method in estimating the CVF using the 
formula below.  
𝐶𝑉𝐹% = 12.33 ×%𝐶 + 0.55 ×%𝐶𝑟 − 15.2 =  ±2.1% 𝐶𝑉𝐹 (1.0) 
The formula provides a method of estimating CVF using the Cr and C content. %C and %Cr are the 
alloys weight percent C and the weight percent of C respectively. It was experimentally determined with 
a result that considerably close to predictions that are made using the phase diagram. The estimated value 
of the CVF from this equation is maybe overestimated (higher than actual) or underestimated with a 
deviation of 2.1% as it seen in the equation. This is because the equation includes both eutectic and 
secondary carbides.  For example, for a 3% C, 14% Cr iron, the estimated CVF calculation is presented 
below. 
𝐶𝑉𝐹% = 12.33×3 + 0.55×14 − 15.2 = 29.49 
 
 
M7C3 hardness varies between 1000-1800 HV but most typically between 1250-1500 HV(Laird et al., 
2000). Due to the higher hardness comparing to M3C, M7C3 provides a better wear resistance (Çöl, Koç, 
Öktem, & Kır, 2016). 
2.3 Effect of alloying elements  
The reason of alloying white cast iron to another element is to increase the process of hardenability. By 
having it alloyed, it can skip the process of pearlite formation to obtain martensite on quenching in at 
slower cooling rates (Laird et al., 2000).  
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The hardness value of white cast iron is dependent on the carbon (C) concentration. A low C white cast 
iron (ca. 2.5% C) has a hardness of 395 HV which increases to 633 HV by raising the C content to 3.5% 
(Davis, 1996). Raising C content also increases its brittleness and the possibility graphite formation 
during solidification, this happens notably when having a high silicon content (Davis, 1996).  
 
Silicon (Si) accelerates pearlite formation which brings negative effect in the process of martensite 
forming (hardenability) (Davis, 1996). Due to this reason, the Si content needs to be controlled. On the 
other hand, if the pearlitic-suppressing elements are presented (Cr, Ni, etc.) it increases the Ms which 
increase the martensite formation (Davis, 1996).  
 
Alloying these elements to white cast iron are beneficial as these elements reduce Ms (Laird et al., 2000). 
Excess manganese (Mn) can improve the hardness by suppressing pearlite (Davis, 1996).  Nickel (Ni) 
and copper (Cu) are added to improve the abrasion resistance by producing finer pearlite to secure the 
martensite formation (Davis, 1996). Molybdenum (Mo) is considered to be better than Ni, Cu, and Mn 
as it not only offers an improvement of pearlite’s hardness and toughness and suppressing pearlite 
formation that increases martensite formation, it can increase hardness without over stabilising austenite 
(Davis, 1996).  
 
Chromium (Cr) is predominantly used in cast iron to form carbides, imparting corrosion resistance, and 
stabilising the structure for high-temperature applications (Davis, 1996).  Having a hard Cr carbide 
formation is the reason that the white cast iron is superior regarding its abrasion resistance (Laird et al., 
2000).  
2.4 Heat Treatment  
Heat treatment is part of metalworking process aim to change the physical and mechanical properties, by 
controlling the rate of cooling and diffusion of the microstructure without changing its shape. This 
transformation can be explained into two of the most common transformation diagram.  
 
The first transformation diagram is the isothermal transformation diagram (IT) which is also known as 
the time-temperature-transformation diagram (TTT). Every material has different composition has its 
own unique TTT diagram. Figure 2 presents an example of TTT diagram for high-Cr white cast iron with 
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specific alloy composition. It displayed a nose-like C-shaped curve occurring at 950oC. The precipitation 
of carbide occurs above 870oC (Maratray & Usseglio-Nanot, 1970).  
 
Figure 2. Isothermal transformation diagram for high-Cr white cast iron containing 3.51%C-20.1%Cr (a) before and (b) after austenite 
destabilisation: A =austenite; C=carbide; P=pearlite; F=ferrite; Ms=martensite start; Cs=secondary carbide. (Maratray & Usseglio-
Nanot, 1970) 
 
The second transformation diagram is the continuous cooling transformation diagram (CCT) diagram. 
This transformation diagram also explains the decomposition of austenite but approached from 
continuous cooling from austenite phase field to room temperature (Laird et al., 2000). An example is 
given in Figure 3 of a CCT diagram for high-Cr white cast iron with specific alloy composition. The 
casting is heated in an austenitic temperature range after high-temperature heat treatment, which in this 
case is at 1000oC. Secondary carbides are then formed during the soaking process on this temperature 
which formed from austenite.  
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Figure 3. Continuous cooling transformation diagram for high-Cr white cast iron containing 3.51%C-20.1%Cr (a) before and (b) after 
austenite destabilisation: A =austenite; C=carbide; P=pearlite; F=ferrite; Ms=martensite start; Cs=secondary carbide. (Maratray & 
Usseglio-Nanot, 1970) 
2.4.1 Steps of Cast Iron Heat Treatment Samples 
Heat treatment is part of metalworking process that aims to change the physical and mechanical 
properties, by controlling the rate of cooling and diffusion of the microstructure without changing its 
shape (Callister & Rethwisch, 2014). In heat treating ferrous metal and white cast iron, three basic steps 
are followed as summarise from Figure 4: the metal is heated to a specific heat; the metal is held at that 
temperature for a specified time; the metal is quenched at a specific rate.  
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Figure 4. Heat Treatment Process 
Even though there are several types of heat treatment process, specifically in this project, the samples 
were subjected to a certain scheme of heat treatment process. The scheme consists of destabilisation, 
quenching, and tempering.  
 
It is proceeding by destabilising the sample as it is held for the duration of 3 hours at 960oC. This offers 
thermal activation allowing M7C3 carbides to precipitate from the super-saturated austenite matrix, while 
the eutectic carbides remained unchanged (Gasan & Erturk, 2013). By reducing the concentration of C 
and alloying elements in solution, the Ms (martensitic start) temperature is increased above room 
temperature. Both bulk hardness and microhardness values of the samples are also expected to increase 
and higher to as-cast samples due to the secondary carbide precipitation. Because of the same reason, the 
wear resistance also increased. (Karantzalis, Lekatou, & Diavati, 2009).  
 
Quenching is a quick way to bring metal back to the room temperature after subjected to heat treatment 
process to prevent the cooling process that is going to change its microstructure (Wojes, 2016).  It is 
highly recommended for white cast iron to fan cooled or air quenched from austenitization temperature 
to below pearlite temperature this is due to minimising the stress relieved from the heat treatment process 
(Laird et al., 2000). In this project, the samples were air-cooled to form martensite as the hardenability 
of the alloys is considerably high.  
 
Tempering is a process of hardening an alloy by heating it and then maintain it for a certain period. In 
this project, particularly for white cast iron base alloy to restore the toughness in the martensitic matrix 
and to relieve residual stresses, tempering proceed at 200°C for 2 hours as recommended (Laird et al., 
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2000). 10-30% of retained austenite is common to find on the microstructure after hardening process 
(Laird et al., 2000).  
  
2.5 Hardness  
Hardness defines as a material’s resistance to permanent indentation under static or dynamic forces 
(Sheedy, 1994). In current practice, hardness is divided into two categories: Microhardness and Macro 
hardness (Chandler, 1999). The difference lies at the applied load on the indenter below and above 1 kg 
for microhardness and bulk hardness respectively (Chandler, 1999). 
As it explains in previous sections, iron is considered to be hard from values of the martensite content. 
The higher the martensite content, the harder the iron will be. Generally, in white cast iron, it is shown 
from the Table 1 where martensite introduces the highest Vickers hardness range above other phases.  
Table 1. Hardness Values of White Cast Iron Phases (Laird et al., 2000) 
2.6 Wear  
“Wear is a process of removal of material from one or both of two solid surfaces in solid state contact, 
occurring when these two solid surfaces are in sliding or rolling motion together” (Bhushan & Gupta, 
1991).  Wear is more suitable to be considered as a system characteristic or phenomenon rather than 
material property. Wear can be influenced by contacting material, geometrical parameters (shape, size, 
& roughness), relative motion, loading, type of lubrication, and environmental condition. 
 
 
Figure 5. Wear Processes Classification (Sofyan, 2014) 
Matrix Structure Hardness, HV 
Pearlite 320-500 
Austenite 420-500 
Martensite (as-cast) 550-650 
Martensite (heat treated) 650-850 
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Figure 5 presents the types of wear. Adhesive wear (also called frictional wear) occurs when two bodies 
slide over or are pressed into each other which promotes material transfer from one body to another. 
Corrosive wear happens from synergistic effects of chemical and mechanical degradation which 
increases the wear rate. Surface fatigue occurs when two surfaces are contacting each other under pure 
rolling, or rolling with a small amount of sliding. Erosion is the progressive loss of materials from a 
surface by the mechanical action/impingement of fluid on the surface.  
 
Abrasive wear is the only type of wear that is going to be focused on throughout the project determined 
by the scope of the project which was explained from the section before. 
2.6.1 Abrasive Wear  
Abrasive wear is wear in which hard asperities on one body, moving across a softer body under some 
load, penetrate, and remove material from the surface of the softer body, leaving a groove (Gates & Gore, 
1995). This particular form of wear is especially prevalent in the mining and minerals processing industry 
which is a large consumer of abrasion resistant white cast irons.  Gates and Gore also developed a 
classification scheme for abrasive wear modes, presented in Table 2 below.  
Wear Mode Situation Manifestation 
Impact abrasion Repeated impact and abrasion (Not well characterised) 
Gouging abrasion Large abrasive particles and 
extreme stresses 
Deep grooves, gross 
deformation 
Grinding abrasion Stresses sufficient to fracture 
abrasive particle  
High wear rates, visible 
scratches 
Low-stress abrasion Stresses not sufficient to 
fracture abrasive particle 
Low wear rates, fine scratches 
Corrosion abrasion Corrosion and abrasion Varies accelerated corrosion 
Table 2. Abrasive Wear Classification Scheme (Gates & Gore, 1995) 
One should be careful as not all materials display the same relative wear performance for all wear modes. 
Even though in this particular state it is true for white cast iron, identifying and stating the wear modes 
that are being investigated is critical. The wear testing method performed for this project is the Rubber 
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Wheel Abrasion Test (RWAT). This simulates conditions of low-stress abrasion with reference to the 
classification scheme presented by Gates and Gore (1995).  
 
Figure 6 that shows that dependence of wear resistance and hardness on M7C3 volume fraction (Kagawa 
et al., 1992). The wear resistance increases linearly with the volume fraction of the primary M7C3. From 
both graphs, it is shown that the wear resistant increase in linear whereas the hardness increase in more 
rapidly behaviour. This is an essential information as it is the ground of the statement that needs to be 
evaluated in this project as mention in section 1.1.  
 
Figure 6. Relationship between wear resistance and hardness to CVF 
3. Experimental Methodology  
The methodology section is subdivided into: sample composition and heat treatment, microscopy, 
Vickers hardness test, and dry sand rubber wheel abrasion test (DS-RWAT).  
3.1 Sample composition and heat treatment   
The composition of the alloys are presented in Table 3. The alloys have a constant Cr: C ratio of 4.9:1. 
The amount of Mo, Cu, Mn, Si and Ni are assumed to be constant as the difference between 
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concentrations is minor. Using the variation in the amount of Cr and C concentration, the estimated CVF 
can be obtained using Maratray’s Formula (Equation 1). The samples are named according to this 
estimated CVF values   
 
Sample Name 
Composition – wt% 
C Cr Mo Cu Mn Si Ni 
CVF19 2.25 11.2 1.27 0.93 0.77 0.63 0.24 
CVF24 2.64 12.9 1.21 0.92 0.89 0.71 0.25 
CVF34 3.28 16.2 1.24 0.94 0.8 0.71 0.26 
CVF37 3.51 17.8 0.89 0.92 0.82 0.76 0.27 
CVF42 3.76 19.2 1.16 0.89 0.83 0.76 0.27 
Table 3. Chemical composition with estimated CVF 
Two different sample set were used, as-cast samples and heat treated samples. Both sample sets have the 
same chemical composition and are expected to produce similar CVF. To avoid confusion, the heat 
treated samples will be labelled CVF19-HT, CVF24-HT, CVF34-HT, CVF37-HT, and CVF42-HT.  
 
The heat treated samples were heat treated, the heat treatment process begins by destabilising at 960oC 
for 3 hours, air-cooling, and then subsequently tempering at 200oC for 2 hours  
 
3.2 Microscopy 
For microscopic analysis, the samples were prepared using a standard metallography procedure and 
observed using a light microscope and an electron microscope.  
3.2.1 Sample Preparation    
A Struers Discatom 5670571 was used to cut the sample with a cut-off wheel 66A25. This cut out wheel 
is compatible for cutting extra hard ferrous material with hardness above 600 HV.  
 
Struers CitoPress-30 was used to mount the samples with Levofast a light-yellow melamine hot mounting 
resin with mineral and glass filler.  Levofast is suitable for medium hard material as it composed of hot 
melamine resin with glass and mineral filler. 50 ml of Levofast was added with 180oC and 250 bars 
pressure for 5 minutes. Antistick was applied to the mounting surface of the Citopress-30 for each 
turnover of the process for cleaning purpose.  
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The samples then were polished using silicion carbide paper and several polishing cloths using Struers 
Tegapro-31 instrument. Vilella’s Reagent (Picric /HCL) with the composition of 2gram Picric Acid 5ml 
HCL 95ml ethanol then was used for etching process. 
3.2.2 Light Microscopy  
The samples were observed under a light microscope. Several micrographs with different magnification 
were taken at 6 different spots corresponds to the contour of the surface as it given in Figure 7. This is to 
understand and observe the distribution and behaviour of the carbides and to obtain variation in the data 
range for CVF calculation purpose.  
 
Figure 7. Light Microscopy Observation Spots 
3.2.3 Scanning Electrons Microscope (SEM) 
The samples were also observed using scanning electrons microscope (SEM) operated in backscattered 
mode. A SEM uses an electron beam to image a sample. The main two imaging modes are secondary 
and backscattered imaging. The secondary imaging mode provides topographical information whereas 
the backscattered imaging more provides image contrast dependent on the average atomic number. A 
TM3030 was used and operated at an accelerating voltage of 15kV. The TM3030 is equipped with a 
Bruker energy dispersive spectrometer (EDS), which provides information about the sample 
composition. The resin-embedded and polished samples were individually mounted onto Al stubs using 
conductive carbon tape. As the SEM was operated in low vacuum mode the samples did not require a 
carbon coating. 
3.2.4 Image Analysis  
To confirm the CVF estimation from Maratray’s formula image segmentation using ImageJ was 
performed. Within ImageJ, the Trainable Weka plugin was used to perform segmentation on micrograph. 
Trainable Weka combines sets of learning algorithms on top of image features to produce pixel-based 
segmentations (Arganda-Carreras et al., 2017). Weka (Waikato Environment for Knowledge Analysis) 
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is a powerful plugin that already contains a collection of algorithms and data visualisations that can be 
used for data modelling and analysis (Arganda-Carreras et al., 2017)  
 
3.3 Vickers Hardness Test  
The Vickers hardness test was performed to measure the bulk hardness of the alloys. It is one of most 
common hardness test and uses the static load with a square-based pyramidal indenter with 136⁰ angle 
between opposite faces (Voort, 1984). The method uses one continuous scale to test all material 
regardless of their hardness. One of the advantages of the test is that it uses diamond indenter that is 
capable of measuring materials with different thickness (Sheedy, 1994). The test was performed using 
Vickers hardness test apparatus using ISO 6507-1:1997 published by Standards Australia. The calibration 
weight provided by LECO Corporation with 764.42 HV and 30 N of load (Standards Australia, 2003). 
One should also note that the heat treated samples contain pairs of samples set and some of them don’t 
pair.  
3.4 Dry Sand- Rubber Wheel Abrasion Test  
The dry sand rubber wheel abrasion test (DS-RWAT) is one of the most commonly-used abrasion testings 
methods for low stress. Due to this low stress, the DS-RWAT, generates high wear rates that yield a 
reasonably high rate of data production. The two major setbacks of this test are that most industrial 
application does not have rubber counter face (which limit the materials that can be used), and only one 
specimen can be run at a time. 
 
Figure 8. Dry Sand Rubber Wheel Apparatus  
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The test procedure is based on Procedure A of ASTM G-65 dry sand rubber wheel test that uses 130 N 
of load and 10 minutes’ duration per set of tests. Figure 8 is a schematic of the DS-RWAT. The dry sand 
feed is supplied into the hopper, a sample is loaded into the main frame and the rotating wheel. The 
samples were weighed prior to testing. After testing the sample is weighed again and the wear resistance 
is determined from this weight loss (ASTM-International).  
 
4. Results 
The result is divided into three sections: Microstructure result, hardness, and DS-RWAT. 
4.1 Microstructure  
By using the Fe-C-Cr isothermal diagram presented in Figure 9, the phases forming in the microstructure 
can be determined. The yellow curve in the graph describes the change of carbide phase present from 
M3C to M7C3 and M22C6. The purple line is the eutectic line, therefore samples below and above the line 
are hypoeutectic and hypereutectic respectively. The samples are plotted in Figure 9 and all fall into two 
phase region containing austenite and M7C3. Furthermore, from this diagram, it is expected the CVF19 
and CVF24 are hypoeutectic, with CVF34-42 being either eutectic or hypereutectic.  
 
Figure 9.Isothermal Diagram of Fe-Cr-C (Courtesy of UQMP) 
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Figure 10 is a series of light micrograph (LM) of CVF 24 taken from six different spots on the same 
sample. A clear austenite dendrite growth orientation is observed in each of the locations, which 
corresponds to the contour of the sample surface (Figure 7). The red arrows on the images show the 
austenite growth direction. Most of the austenite dendrites grow in a direction to the core of the sample 
(centre area). Despite the differences in the growth direction, there is no noticeable difference in the CVF 
volume ratio in these samples.  
 
Figure 10.LM  showing the orientation of grain growth of CVF24 taken at spot 1 consecutively to spot 6 
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An overview of the microstructure transition from hypoeutectic to hypereutectic is given in Figure 11. 
The hypoeutectic alloys are characterised by primary austenite dendrites embedded in a eutectic (carbide 
and austenite) matrix whereas the hypereutectic alloys are characterised by primary carbide dendrites 
embedded in a eutectic (carbide and austenite) matrix.  
 
Figure 11.Low LM presenting the transition from hypoeutectic-eutectic-hypereutectic, (a) CVF19, (b) CVF24, (c) CVF34, (d) CVF37, and 
(d) CVF42 
4.1.1 CVF19 Microstructure 
Figure 12 are representative LM of CVF19. This hypoeutectic alloy microstructure is characterised 
primary austenite dendrites surrounded by a M7C3 and austenite eutectic with the primary austenite 
dendrites dominating the microstructure. No large-scale porosity or defects were found in the 
microstructure. .
 
Figure 12.Optical micrograph showing hypoeutectic structure of CVF19, (a) taken at low magnification at spot 4 and (b) taken at higher 
magnification at spot 4 
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Figure 13 presents the Mn, Mo and Cr elemental maps of a corresponding backscattered electron (BS) 
SEM region. The dark-cuboid grey phase is a presented to be MnO2 – characterised by the strong Mn 
concentration in the elemental map. The lighter-grey phase is identified as the Cr-rich- M7C3 carbide 
phase – confirmed by the strong Cr concentration in the elemental map. The bright white phase is a Mo-
rich phase - confirmed by the strong Cr concentration in the elemental map. The contrast in the BSE 
micrograph is directly related to the average atomic number of the phase. The average atomic numbers 
of M7C3, Mn, Fe and Mo are 18.6, 25, 26 and 42 respectively. As such it is anticipated that the Mo-rich 
regions should be the brightest, the very dark contrast in the Mn-rich regions suggested that it may be 
presented as a Mn oxide. The contrast between the Fe-rich austenite and the M7C3 should be similar.  
 
 
Figure 13. Elemental atomic maps performed on a section of hypoeutectic structure CVF19 
Representative BS-SEM micrographs of CVF19 are provided in Figure 14. The light grey phase that 
dominates the image is the Fe-rich austenite primary dendrites. The darker grey phase is the eutectic 
carbide phase and the very dark regions are the possibility MnO2 phase. The MnO2 phases are 
concentrated at the edges of the carbide phases and are larger and more cuboid in shape than the Mo-rich 
region. The small Mo-rich (characterised by bright white contrast) are observed either at the carbide 
edges or connecting two carbide regions. The complete set of micrograph for CVF19 is available in 
Appendix A.  
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Figure 14. SEM micrograph of CVF19 hypoeutectic where (a) showing the low SEM electron micrograph and (b) showing the presence 
of Mo-rich phase, Mn-Rich Phase, Fe-Rich Austenite Phase, and M7C3 Carbide Phase 
4.1.2 CVF24 Microstructure 
LM of CVF24 are presented in Figure 15. Similar to the CVF19 sample, this hypoeutectic alloy 
microstructure is characterised by primary austenite dendrites surrounded by a M7C3 and austenite 
eutectic. However, due to the high CVF the primary austenite dendrites are less prominent than in 
CVF19. No large-scale porosity or particular defects were observed in the microstructure. 
 
Figure 15. Representation of LM of CVF24 (a) taken using low magnification at spot 5 and (b) taken using higher magnification at spot 5 
BS-SEM micrographs of CVF24 are provided in Figure 16 and shows a similar trend to CVF19 only 
with a lower concentration of primary austenite dendrites. The light grey phase that dominates the image 
is the Fe-rich austenite phase – predominately from the primary dendrites, but also from the eutectic 
matrix. The darker grey phase is the eutectic carbide phase; the dark grey phase is the MnO2 and the 
bright white phase is the Mo-rich phase. The location and contrast of these phases is similar to that 
observed in CVF19.   
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Figure 16. SEM micrograph of CVF24 hypoeutectic where (a) showing the low SEM electron micrograph and (b) showing the presence of 
Mo-rich phase, Mn-Rich Phase, Fe-Rich Austenite Phase, and M7C3 Carbide Phase 
At higher magnification, an additional observation was made. In the Fe-rich regions adjacent to the 
carbide phases there was a two-phase split with a slightly brighter and slightly darker grey phase. An 
attempt was made to distinguish this region using elemental mapping (Figure 17). No clear correlation 
could be observed from the elemental mapping, but some evidence of Si segregation is found with a 
mottled Si elemental map. More work with a higher resolution instrument would be required to further 
clarify this point. The complete set of micrograph for CVF24 is available in Appendix A 
 
Figure 17. EDS analysis performed in the square region (i), distribution of chemical composition that is present within the phases (a) Cr 
content, (b) Mo content, (c) Mn content, (d) Fe content, (e) Ni content, (f) Cu content, (g) Si content, (h) C content 
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4.1.3 CVF34 Microstructure 
Representative LMs of CVF34 are presented in Figure 18. Different to CVF19 and CVF24, CVF34 is 
characterised by a mixture of M7C3 and austenite, with faint evidence of small primary Fe-rich dendritic 
growth. As the austenite and carbides grow at approximately the same rate, a more balanced structure is 
presented. No large-scale porosity or particular defects were observed in the microstructure. 
 
Figure 18. Representation of LM of CVF34 (a) taken using low magnification at spot 1 and (b) taken using higher magnification at spot 1 
BS-SEM micrographs of CVF34 are provided in Figure 19. Several different contrasts are observed in 
this set of images. The Fe-rich phase still dominates the microstructure, but there is a clear increase in 
the carbide concentration. The Mo-rich phase (bright white) now are associated with the carbides but less 
evidence is found of the Mo-rich phase connecting the carbides. The MnO2 is also still present, however, 
the MnO2 observed a more elongated shape. The complete set of micrograph for CVF34 is available in 
Appendix A 
 
Figure 19 SEM micrograph of CVF34 hypoeutectic where (a) showing the low SEM electron micrograph and (b) showing the presence of 
Mo-rich phase, Mn-Rich Phase, Fe-Rich Austenite Phase, and M7C3 Carbide Phase 
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4.1.4 CVF37 Microstructure 
Representative LMs of CVF37 are presented in Figure 20. The microstructure is different compared to 
CVF19, CVF24, and CVF34 and is clearly a hypereutectic alloy characterised with the formation of 
primary M7C3 carbides dendrites surrounded by an austenite and M7C3 eutectic. Even though CVF37 falls 
under the eutectic line refer to Figure 9, it clearly shows hypereutectic characteristics. The primary 
carbides are large and rod-shaped in comparison to the lamellar and fine structure of the carbides 
observed in the eutectic region and in the hypoeutectic (CVF 19 and CVF 24) and eutectic alloys 
(CVF34). Fracture lines were occasionally found along the carbide-austenite interface. These fractures 
were also associated with a porosity within the alloy. However, from Figure 20, no large-scale porosity 
or particular defects were observed in the microstructure. The complete set of micrograph for CVF37 is 
available in Appendix A 
 
Figure 20. Representation of LM of CVF37 (a) taken using low magnification at spot 1 and (b) taken using higher magnification at spot 1 
BS-SEM micrographs of CVF37 are presented in Figure 21. The light grey phase is the eutectic  Fe-rich 
austenite phase. The darker grey phase is the carbide phase which for this hypereutectic microstructure 
is included both from the primary dendrites and in the eutectic matrix. The MnO2 (dark-grey cuboid 
phase) are also observed within the microstructure.  Minor Mo-rich phases (bright white phase) are still 
formed within the microstructure and are associated with the edges of the carbides.  
35 
 
 
Figure 21. SEM micrograph of CVF37 hypereutectic where (a) showing the low SEM electron micrograph and (b) showing the presence 
of Mo-rich phase, Mn-Rich Phase, Fe-Rich Austenite Phase, and M7C3 Carbide Phase 
4.1.5 CVF42 Microstructure 
Representative LM of CVF42 are presented in Figure 22. Similar to CVF37, this is a hypereutectic 
structure and is characterised by the formation of primary M7C3 carbides surrounded by the austenite and 
M7C3 eutectic. Compared to CVF37, the primary carbides found in CVF42 are considerably larger in 
size. From LM presented in Figure 22, several porosities were found as a well as propagated cracks.   
 
Figure 22. Representation of LM of CVF37 (a) taken using low magnification at spot 1 and (b) taken using higher magnification at spot 1 
BS-SEM micrographs of CVF42 are presented in Figure 23. The light-grey phase is the Fe-rich eutectic 
austenite phase. In this eutectic Fe-rich constituent, it is spotted that martensite is formed adjacent to the 
darker grey phase. The darker grey phase is the primary or eutectic carbides. Small MnO2 (dark grey 
cuboid phase) are still found concentrated at the edges of the carbides and Mo-rich phases (bright white 
phase) are still found at the edges of the carbide structure. Large porosity and some fracturing were 
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observed in these samples (Figure 23).  The complete set of micrograph for CV42 is available in 
Appendix A 
 
Figure 23. SEM micrographs presenting the large porosities happened to be found within the microstructure of CVF42. 
4.1.6 CVF42 HT Microstructure 
Figure 24 are representative LM of CVF42 after heat treatment (CVF42-HT). The microstructure is 
characterised by coarse and fine M7C3 carbides surrounded by a metal matrix. Similar to as-cast 
hypereutectic alloy, several manufacturing porosities were found spread in the microstructure. 
 
Figure 24. Representation of LM of heat treated hypereutectic CVF42 (a) taken using low magnification at spot 1 and (b) taken using 
higher magnification at spot 1 
Figure 25 are BS-SEM micrographs of CVF42-HT. As with previous BS-SEM micrographs, the light 
grey phase corresponds to the Fe-rich phase while the darker grey phase corresponds to the carbides. The 
bright white Mo-rich phases can be seen, but after heat treatment are more distributed through the 
microstructure in comparison to the as-cast structure. This is also similar to the dark-grey MnO2.  
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Figure 25. SEM micrograph of heat treated CVF42 hypereutectic where (a) showing the propagated crack in low SEM magnification (b) 
showing the presence of Mo-rich phase, martensite laths in retained austenite matrix, and M7C3 Carbide Phase 
The carbides are observed both as very large regions or small finer structures. This either suggests that 
not all the eutectic carbides are dissolved in the austenite matrix during destabilisation or that the carbides 
have precipitated out of the supersaturated austenite phase.  
 
On closer inspection of the Fe-rich matrix, fine needles can be observed. Refer to the TTT for CVF42 
given in Figure 2, after air-cooling it is anticipated that martensite would be formed. Furthermore, 
tempering at 100oC is too low to allow the bainite to form.  
 
Due to the air-cooling of this sample, these needles are considered to be martensite in a retained austenite 
matrix. The percentage of retained austenite can be estimated from Figure 26.  Considering the 
destabilising temperature of 960°C it is estimated that approximately 30 % of the final Fe-rich matrix 
will be retained austenite – which is close to what is observed in Figure 25 b. The complete set of 
micrograph for CVF42-HT is available in Appendix A 
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Figure 26. Prediction tool to predict the volume of retained austenite after destabilisation (Courtesy of UQMP) 
4.1.7 Image Segmentation  
Initially, the image segmentation was attempted on the LM. A trial example of segmented is shown in 
Figure 27. As it observed in Figure 27, the phases are not fully segmented by Trainable Weka. This is 
because LM provides low contrast between one phase to another. Even though visually one could distinct 
the type of phase based on the microstructure shape, the low contrast prevents the plugin to identify the 
type of phase since it is in a similar colour.  
39 
 
 
Figure 27. A trial example of Image segmentation using LM performed on sample CVF37 (a) original LM of CVF37, (b) segmented LM 
of CVF37 
Due to the high contrast between the Fe-rich phases and the carbide phases in the SEM micrograph, the 
SEM images were used for segmentation. Using the Trainable Weka, one can separate the carbide and 
austenite phase by transforming the image to a black and white image presented in Figure 28. The white 
phase represents the carbides which can then be calculated as the area fraction of the total area of the 
image. Segmentation was performed on several SEM micrographs at different magnifications and from 
different regions for each sample. This was done to ensure enough data was acquired so an extrapolation 
from 2D image to a 3D volume can be made. The values were averaged resulting in the CVF.  
 
 
Figure 28. An example of segmentation performed on CVF24 (a) original electron micrograph of CVF24, (b) segmented image of CVF24 
 
The average CVF for each sample as determined by image segmentation is presented in Table 4. The 
calculation table for CVF is available in Appendix C.  
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Sample Name CVF (%) 
CVF19 18.2 
CVF24 24.5 
CVF34 33.3 
CVF37 37.9 
CVF42 41.9 
Table 4. Actual CVF 
The CVF determined by image segmentation and Maratray’s Equation, agree well with each other. From 
these results, Trainable Weka plugin from ImageJ is considered to be reliable software to perform 
segmentation on the images. 
 
 
Figure 29. An example of segmentation performed on CVF24 (a) original electron micrograph of CVF24, (b) segmented image of CVF24 
4.2 Hardness Test 
Figure 29 is a plot of the Vickers hardness against CVF for both as-cast and heat treated alloys. As 
expected, the bulk hardness increases with the increase of CVF for both as-cast and heat treated samples. 
The clear difference is between the as-cast is the heat treated sample showed higher values of hardness.  
 
Table 5 presents the hardness values and standard deviations for as-cast and heat treated samples. For as-
cast samples, CVF42 came out with the highest standard deviation as well with 8.15% compared to other 
samples. No major defects or porosities were found within the microstructure of the heat treated samples. 
On the other hand, the standard deviations for heat treated samples are considered to be fair. Particularly 
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from CVF42-HT, there are major defects found within its microstructure. The complete table of Vickers 
hardness testing of the as-cast sample is available in Appendix D.  
 
Table 5. Hardness values and standard deviations for as-cast and heat treated samples 
 
Figure 30. Bulk Hardness plotted to CVF for as-cast samples 
4.3 Abrasive Wear Performance  
DS-RWAT was performed only on the heat treated sample. In general, as CVF increases the mass loss 
decreases shown in Figure 30.  
As- Cast Heat -Treated As- Cast Heat -Treated
CVF19 429.9 760.0 3.1 1.2
CVF24 561.4 843.2 1.7 1.3
CVF34 612.7 855.3 3.6 1.6
CVF37 528.7 884.4 5.8 2
CVF42 581.2 885.6 8.2 1.7
Hardness Standard Deviation (%)
Sample Name
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Figure 31. Dry Sand Rubber Wheel Abrasion Mass Lost Result Plotted with CVF 
Using the Equation below, the relative wear resistance of the samples can be calculated. Mass loss of 
CVF42 is selected as the reference mass. By replotting the CVF versus relative wear resistance it is seen 
that the relative wear performance is increase with the CVF.   
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑊𝑒𝑎𝑟 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =  
𝑊𝑒𝑖𝑔ℎ𝑡 𝐿𝑜𝑠𝑠 𝑜𝑓 𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑆𝑎𝑚𝑝𝑙𝑒
𝑊𝑒𝑖𝑔ℎ𝑡 𝐿𝑜𝑠𝑠 𝑜𝑓 𝑇𝑎𝑟𝑔𝑒𝑡 𝑆𝑎𝑚𝑝𝑙𝑒
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Figure 32.Relative wear resistance of the heat treated sample compared to its CVF 
Attention should be drawn to Table 5 where some samples produced fairly high values of calculated 
standard deviations. CVF42 produced highest standard deviation among other samples, sitting at 21.35%. 
This large standard deviation is attributed to the porosities and the fractures observed in CVF42. The 
complete table of DS-RWAT result is available in Appendix E.  
 Sample Name Standard Deviation (%) 
CVF19 6.6 
CVF24 2.1 
CVF34 0.9 
CVF37 2.9 
CVF42 21.4 
Table 6. Standard deviation of as-cast sample 
5. Discussion  
As the CVF increases in the as-cast alloys, the microstructure transforms from a hypoeutectic structure 
to a eutectic structure and then finally to a hypereutectic structure. As the CVF concentration increases 
in the hypoeutectic range the concentration of primary austenite dendrites decreases. In all instances, 
though the primary austenite dendrites are surrounded by a eutectic M7C3 and austenite matrix. In the 
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near eutectic composition, no clear dendrites are observed and an distribution of both M7C3 and austenite 
are observed. In the hypereutectic structure, the M7C3 carbides are now the primary dendrites. This M7C3 
carbide phase is characterised by large and elongated morphology in comparison to the M7C3 carbide 
morphology in the eutectic matrix.  
 
From the initial composition, it would be anticipated that the CVF34 and CVF37 samples would also be 
hypoeutectic. However, from the microstructural analysis it is apparent that CVF34 is close to eutectic 
and the CVF37 is hypereutectic. This is attributed to carbon equivalency of other alloying components. 
Where Si contributes as an equivalent to the percentage of C content of each alloy given below (Rudnev, 
2003). 
𝐶𝐸 = %𝐶 + 0.33(%𝑆𝑖) 
Therefore, the estimation of carbon equivalency is given by 3.5% for CVF37 and 3,7% for CVF42. 
 
The eutectic matrix microstructure evolves from as-cast samples to the heat treated samples. In the as- 
cast hypereutectic structure, the eutectic phase contains austenite and M7C3 carbides. However, during 
heat treatment, the carbides are incorporated into the austenite phase and the carbides can precipitate out 
either onto the primary dendrites or as a secondary phase in the matrix. The Fe-rich matrix is then cooled 
rapidly to below the martensitic temperature which allows a certain amount of martensite to form. The 
martensite is observed in the microstructure as fine needles dispersed in a retained austenite matrix. The 
concentration of retained austenite can be estimated directly to the destabilisation temperature. As the 
base alloy composition is held equivalent for alloys observed it is anticipated that an equivalent 
microstructural development would be observed from the as-cast to the heat treated samples for the other 
composition. In CVF42 cracking sample was observed. This can be attributed to volume expansion of 
the martensite when formed on cooling.  
 
Looking at the non-destabilised and destabilised TTT diagram of CVF42 and CVF42-HT (REF to Figure 
2), the phases that are present in the hypereutectic structure are only austenite phase and the secondary 
carbide phase. This was contradicting from the microstructure of the samples where secondary carbides 
that are not seen due to the epitaxial precipitation which was explained in Section 4.1.1.  
 
The CVF calculated using Maratray’s equation is unexpectedly closed to values obtained through image 
segmentation. The initial assumptions of CVF expected that Maratray’s method will have around 2% of 
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deviation to the actual CVF. Nevertheless, this means Trainable Weka is considered to be powerful and 
recommended tools for calculating CVF.  
 
As the CVF increases in the as-cast alloys, the hardness also increases. There is a step jump at a transition 
from CVF34 to CVF37. This also corresponds to the point where the morphology of the M7C3 carbides 
changes from a fine and distributed structure in the eutectic matrix to the coarse and extended 
morphology as the primary dendrites in CVF37. Associated with these large and coarse M7C3 carbides 
are some fracturing and in the CVF42 specifically some porosity. As such, it is proposed that although 
the CVF is critical the morphology of the M7C3 carbides may play a significant role in the samples’ 
hardness.  
 
After heat treatment, the hardness for all alloys shifts up a similar amount. This is because of the large 
volume of martensite laths within the retained austenite matrix of the heat treated samples. From Section 
2.2.2, hardness is one of the most advantageous traits from having martensite phase in the microstructure 
compared to austenite. Even porosity was found both in the as-cast and heat treated hypereutectic 
samples, this had a minor effect in comparison to the change made from transitioning from austenite to 
martensite.   
 
Similar to hardness the relative wear resistance of the heat treated samples increases with CVF. Figure 
32 is a plot of the both hardness and relative wear resistance of the heat treated samples with respect to 
CVF. Both properties increase to the increased CVF. Furthermore, the trend is actually similar in both 
cases. This disagrees with Kagawa’s statement that “hardness is not a good indicator of wear 
performance”. Closer inspection the CVF range that has been investigated in this study is from 17 - 42%. 
In comparison, from Kagawa’s graph (Figure 6), the wear resistance and hardness are plotted from 0 – 
100 %. Within this graph, there is a linear region from 15 - 50% - which corresponds to the range in the 
present study. Therefore, we conclude that for an intermediate CVF range hardness does provide a good 
indicator of relative wear performance when considering abrasive wear.  
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Figure 33. Hardness & relative wear performance of heat treated samples behaviour against CVF 
6. Conclusion  
The project explored the relationship between hardness and wear performance of particle-reinforced 
composite alloys. The conclusion can be drawn with reference to the primary aim focussing in evaluating 
if hardness to be a reliable indicator of measuring wear resistant of particle reinforced composite alloys.  
 
The microstructure, hardness and wear performance of a range of alloys with increasing CVF % from 17 
– 42 % were investigated. These alloys ranged from hypoeutectic to hypereutectic. However, in this 
present study with a CVF % of 17 – 42% hardness is considered to be a good indicator of wear 
performance.  
 
By processing the samples through a specific heat treatment conducted in this project, the values of the 
hardness of the samples will shift to higher values. The hardness values will increase in linearly to the 
increase of CVF particularly in the range of from 17 – 42% of CVF. Whereas, the wear performance of 
the heat treated samples also shown an increase in linear as the CVF of the samples increase.  
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Microstructurally, the presence of carbide is essential to wear performance and hardness values. As the 
volume of carbide increases, it will result in an increase of hardness and wear performance for particle-
reinforced composite alloys. Even though it does not essentially invalidate Kagawa’s statement but this 
open a door to new knowledge that the hardness is in this case between the range of 17-42% CVF is 
particularly a good indicator of wear performance of particle reinforced composite alloy.  
 
The significance of this conclusion was that it may be applied to the future work related to particle 
reinforced composite alloys particularly in observing the relationship between hardness and wear 
performances with a range of CVF. 
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APPENDIX A (Alloy’s Microstructure Image I) 
As-Cast CVF19 
 
Figure 34. Low magnification optical micrograph showing hypoeutectic microstructure of CVF19 taken consecutively from spot 1 to spot 
6 
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Figure 35. High magnification optical micrograph showing hypoeutectic microstructure of CVF19 taken consecutively from spot 1 to spot 
6 
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As-Cast CVF24 
 
Figure 36. Low magnification optical micrograph showing hypoeutectic microstructure of CVF24 taken consecutively from spot 1 to spot 
6 
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Figure 37. High magnification optical micrograph showing hypoeutectic microstructure of CVF24 taken consecutively from spot 1 to spot 
6 
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As-Cast CVF34 
 
Figure 38. Low magnification optical micrograph showing eutectic microstructure of CVF34 taken consecutively from spot 1 to spot 6 
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Figure 39. High magnification optical micrograph showing eutectic microstructure of CVF34 taken consecutively from spot 1 to spot 6 
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As-Cast CVF37 
 
Figure 40. Low magnification optical micrograph showing hypereutectic microstructure of CVF737 taken consecutively from spot 1 to 
spot 6 
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Figure 41.High magnification optical micrograph showing hypereutectic microstructure of CVF37 taken consecutively from spot 1 to 
spot 6 
 
  
56 
 
As-Cast CVF42 
 
Figure 42. Low magnification optical micrograph showing hypereutectic microstructure of CVF42 taken consecutively from spot 1 to spot 
6 
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Figure 43. High magnification optical micrograph showing hypereutectic microstructure of CVF42 taken consecutively from spot 1 to 
spot 6 
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Heat treated CVF42 
 
Figure 44. Low magnification optical micrograph showing a heat treated hypereutectic microstructure of CVF42 taken consecutively 
from spot 1 to spot 6 
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Figure 45. High magnification optical micrograph showingg a heat treated hypereutectic microstructure of CVF42 taken consecutively 
from spot 1 to spot 6 
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APPENDIX B (Alloy’s Microstructure Image II) 
As-Cast CVF19 
 
Figure 46. SEM micrographs showing the hypoeutectic microstructure of CVF19 from low magnification to high magnification 
consecutively from (a) to (d) 
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As-Cast CVF24 
 
Figure 47 SEM micrographs showing the hypoeutectic microstructure of CVF24 from low magnification to high magnification 
consecutively from (a) to (d) 
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As-Cast CVF34 
 
Figure 48. SEM micrographs showing the eutectic microstructure of CVF34 from low magnification to high magnification consecutively 
from (a) to (d) 
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As-Cast CVF37 
 
Figure 49. SEM micrographs showing the hypereutectic microstructure of CVF37 from low magnification to high magnification 
consecutively from (a) to (d) 
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As-Cast CVF42 
 
Figure 50. SEM micrographs showing the hypoeutectic microstructure of CVF42 from low magnification to high magnification 
consecutively from (a) to (d) 
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Heat Treated CVF42  
 
Figure 51. SEM micrographs showing the heat treated hypereutectic microstructure of CVF42 from low magnification to high 
magnification consecutively from (a) to (d) 
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APPENDIX C (Actual CVF Area Calculation) 
 
Table 7. Actual CVF Calculation 
Slice Count Total Area %Area Average Carbide Volume Fraction
1 3896 1,043,040 17.71
2 3258 1,012,476 17.30
3 278 1,039,401 17.82
4 703 1,023,401 17.68
5 146 1,106,489 18.87
1 1827 1,121,489 26.30
2 3492 1,718,938 24.08
3 2435 1,453,277 23.01
4 1444 7,564,931 24.05
5 1424 950,724 25.16
1 1973 7,986,074 33.99
2 3571 1,918,938 32.38
3 3546 453,277 30.80
4 3266 7,564,931 32.58
5 1424 950,724 36.92
1 2728 8,884,879 38.00
2 1366 2,240,324 37.92
3 1366 2,240,324 37.92
4 3030 2,200,871 37.79
5 913 2,236,592 38.32
6 2099 2,187,645 38.03
1 1183 39,681,140 42.21
2 360 9,795,058 41.98
3 1525 2,483,657 42.16
4 1309 2,442,392 41.72
5 651 2,392,502 41.24
6 952 2,451,944 42.19
7 2698 2,509,486 42.35
8 1838 267,274 41.39
CVF19
17.87
33.33
38.00
41.90
CVF42
CVF34
CVF37
CVF24
24.52
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APPENDIX D (Hardness Test Result) 
As-Cast Sample Hardness Test  
 
Table 8. As-Cast Sample Hardness Test. 
Sample Indent Area
Vickers
Hardness 
(HV)
Average 
Hardness 
(HV)
Standard 
Deviation
1 Center 427.2
2 Center 436.1
3 Center 453.9
4 Edge 416.1
5 Edge 424.5
6 Edge 421.7
1 Center 556.6
2 Center 569.7
3 Center 571.1
4 Edge 553.3
5 Edge 568.6
6 Edge 549.3
1 Center 643.2
2 Center 635.6
3 Center 614.4
4 Edge 595.7
5 Edge 596.1
6 Edge 591.4
1 Center 502
2 Center 504.3
3 Center 515.2
4 Edge 520.1
5 Edge 549.3
6 Edge 581
1 Center 550
2 Center 541.6
3 Center 545
4 Edge 534.9
5 Edge 532.1
6 Edge 577
7 Edge 615.7
8 Edge 618.1
9 Edge 654
10 Edge 643.6
3.14%
1.69%
3.63%
5.81%
8.15%
CVF37
CVF42
429.9
561.4
612.7
528.7
581.2
CVF19
CVF24
CVF34
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Heat Treated Sample Hardness Test  
 
Table 9. Destabilised Sample Hardness Test 
Sample Indent Area 
Vickers 
Hardness 
(HV)
Average
Hardness 
(HV)
Standard 
Deviation 
1 Center 734.3
2 Center 751.1
3 Center 729.5
4 Edge 748.1
5 Edge 757.5
6 Edge 752.5
1 Center 767.1
2 Center 782.4
3 Center 778.3
4 Edge 775.7
5 Edge 766.0
6 Edge 777.7
1 Center 857.6
2 Center 845.9
3 Center 834.8
4 Edge 846.6
5 Edge 827.1
6 Edge 847.2
1 Center 875.3
2 Center 885.1
3 Center 880.9
4 Edge 842.9
5 Edge 876.7
6 Edge 900.9
1 Center 835.4
2 Center 844.6
3 Center 839.0
4 Edge 825.8
5 Edge 822.3
6 Edge 834.1
1 Center 915.9
2 Center 863.3
3 Center 918.5
4 Edge 881.3
5 Edge 879.8
6 Edge 878.3
1 Center 855.9
2 Center 884.8
3 Center 875.0
4 Edge 881.6
5 Edge 897.3
6 Edge 880.6
1 Center 896.6
2 Center 880.2
3 Center 882.9
4 Edge 865.7
5 Edge 900.1
6 Edge 868.1
1 Center 875.7
2 Center 904.9
3 Center 899.8
4 Edge 905.6
5 Edge 869.9
6 Edge 877.9
CVF34-HT 2 833.5 0.99%
CVF24-HT 1 843.2 1.27%
CVF34-HT 1 877.0 2.17%
CVF19-HT 1 745.5 1.48%
CVF19-HT 2 774.5 0.85%
2.52%
1.55%
1.61%
1.82%
CVF42-HT 1
CVF42-HT 2
889.5
879.2
882.3
889.0
CVF37-HT 1
CVF37-HT 2
69 
 
APPENDIX E (Dry Sand/Rubber Wheel Abrasion Test 
Result) 
 
Table 10. RWAT Mass Los 
  
Corrected for 
Wheel Diameter
Meas. 1 Meas. 2 Meas. 3 Average
143.70 143.70 143.70 143.70 93 92.04
147.41 147.41 147.41 147.41 104 105.08
142.02 142.02 142.02 142.02 99 99.04
149.41 149.41 149.41 149.41 73 72.79
146.64 146.64 146.64 146.64 75 75.02
142.81 142.81 142.81 142.81 53 53.40
133.97 133.97 133.97 133.97 51 52.70
145.37 145.37 145.37 145.37 57 57.03
145.80 145.80 145.80 145.80 55 54.68
156.52 156.52 156.52 156.52 38 38.56
130.18 130.18 130.18 130.18 64 63.66
153.37 153.37 153.37 153.37 51 50.73
146.71 146.71 146.71 146.71 45 45.59
CVF42-HT
49.63 21.35%
6.61%
CVF24-HT
73.90 2.13%
CVF34-HT
53.05 0.93%
CVF37-HT
Weight 
Loss (mg)
Weight 
Loss (mg)
Weight Loss 
Standard Deviation 
(%)
55.85
CVF19-HT
Raw Data
Weight after 
Test
2.97%
Sample
Weight Loss 
Average (mg)
98.72
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